Frame Lake, a small (88.4 ha), shallow (< 6.5 m maximum depth), high-latitude lake found within the city limits of Yellowknife, Northwest Territories, Canada was selected due to the known legacy contamination of the lake's sediments to test the feasibility of using seismic sub-bottom profiling to estimate total volumes of heavy metal contaminated sediments in lacustrine environments. To ground-truth the sub-bottom profiling results, physical and ICP-MS analyses were carried out on freeze cores collected from Frame Lake's southern basin, and sedimentological marker beds and 14 C dating was used to chronologically constrain the lake depositional history. ICP-MS results showed high levels of arsenic contamination (up to 1538 µg g −1 ) in late twentieth-century lake sediments, which contrasts sharply with measured Holocene values that averaged only 16 µg g −1 (n = 41, ± 5.4 SD). The high arsenic content in lakebed sediments, which tends to be concentrated within specific horizons, results in distinct seismic reflectors within the acquired Sonar data. Stratigraphic horizons where arsenic was concentrated do not necessarily correlate with actual depositional events as changes in lake hydrology and redox conditions have resulted in remobilization and migration of arsenic in lake sediments. Direct GIS software comparison of core data against the sub-bottom profiler transect results permitted an interpolated lateral and vertical reconstruction of the distribution of variously contaminated sediments throughout the entire lake basin. Based on our analysis, a minimum of ~ 230,000 m 3 of contaminated sediments would need to be dredged from Frame Lake to achieve a minimum residual sediment arsenic concentration of < 150 µg g −1 .
Introduction
The City of Yellowknife, Northwest Territories, Canada, was founded in 1934 and thrived on the strength of major local gold mining operations, such as Giant Mine (1948 Mine ( -2004 and Con Mine . The Giant Mine was one of the longest-running and most productive gold mining operations in Canadian mining history, producing ~ 7 million ounces of gold through the mine's 56-year lifespan [1, 2] .
Although profitable to mine, gold mineralization at the Giant Mine was closely associated with sulfides containing elevated concentrations of elements of environmental concern such as zinc, copper, lead and nickel, and especially arsenic (As) [3] [4] [5] . The refractory nature of the goldbearing ore in the Yellowknife area required the use of roasting to liberate gold from the hosting massive sulfides, primarily arsenopyrite. A by-product of this type of ore processing was the aerial release of ~ 7400 kg/day of the highly toxic arsenic trioxide (As 2 O 3 ) during the early years of production (1948) (1949) (1950) (1951) , which was drastically reduced following the implementation of progressively more stringent emission controls in subsequent years (~ 16 kg/day) [6, 7] . As part of the mine remediation process following the Giant Mine closure, an estimated ~ 237,000 tonnes of As 2 O 3 will be placed in cryostorage on site [8] .
While gold mining and ore processing at Giant Mine and Con Mine officially ceased in 2004, the long-term environmental impact of these operations on the Yellowknife area persists to this day. The aerial release of As 2 O 3 from stack emissions at the Con Mine and, especially, Giant Mine left behind a legacy of As contamination on the landscape (e.g., lakes, rivers, peatlands, and soil) and covered an area that extends to a radius of ~ 30 km around the mine sites [9, 10] . Lacustrine systems around mine sites, especially those located on Canadian Shield substrates such as in the Yellowknife area, are very susceptible to contaminant runoff from the catchment and direct air fall due to their low buffering capacity [9] . While efforts to remediate the Giant Mine site are currently underway (e.g., Giant Mine Remediation Project; [11] ), areas off-site have received little or no attention.
Frame Lake, a highly As-contaminated lake within the Yellowknife city limits, was once an important community recreational area, with the popular McNiven bathing beach established by the 1950s [12] . By the early 1970's, however, Frame Lake had experienced a notable decline in lake health due to the impact of (1) historic gold-mininginduced As contamination; (2) the physical dumping of tailings and/or waste into the lake; (3) runoff of nutrientrich water from municipal development around the lake; and (4) changes in circulation and water throughput to the lake due to urban development-notably the construction of a causeway equipped with sluiceways at the lake outlet in 1975, though these sluiceways remain closed most of the year, as well as stormwater sewers that diverted a significant amount of inflow from entering the lake [13] . The cumulative impact of these changes led to the collapse and disappearance of fish populations in Frame Lake. Additionally, in the years following the building of the causeway, there was a concomitant increase in the production of aquatic macrophytes, and the rapid sediment accretion of a dark brown to black organic-rich sedimentary horizon, as the lake became progressively more eutrophic. Deposition of this variable thickness black sedimentary horizon has been associated with high levels of legacy contaminants, primarily As, from the mining operation of Giant Mine and Con Mine [13] [14] [15] . By the late 1970s, the steadily deteriorating environmental conditions within the lake resulted in a significant decline in the number of swimmers and beachgoers using McNiven Beach, which in turn led the city to eventually remove recreational facilities there. The beach itself has since disappeared, having been overgrown with grass [16] .
There is a desire to rehabilitate Frame Lake so that it may once again become an important recreational area for residents and tourists alike. With the closure of the last operating gold mine in the area, the city of Yellowknife has refocused its economic development plan, with ecotourism being an important component [17] . Increased access to natural attractions such as local lakes, rivers, and wildlife is highly desired by visitors to the area. Frame Lake is in the middle of the City of Yellowknife, with City Hall, the Legislative Assembly of the NWT, and the Prince of Wales Northern Heritage Centre on its shore making rehabilitation of the lake also advantageous from a tourism and aesthetic perspective. Several remediation strategies for Frame Lake have been considered, including (1) dredging of contaminated sediments; (2) installation of aerators to permit fish to survive winter anoxia; (3) construction of storm-water management facilities at the inflows; and (4) opening of the sluiceways to increase the amount of outflow to increase lake water throughput [13] . If the lake is to be dredged, a significant amount of contaminated sediments would have to be removed. Removal of these sediments, which have accumulated since the early 1960s, has the potential of accelerating the overall remediation process, regardless of which other steps are pursued after dredging. In an effort to constrain the cost and feasibility of dredging the lake, a necessary first step is to map out the spatial extent and the thickness of the contaminated sediments within Frame Lake.
Dredging costs are largely associated with the amount of material required to be dredged (i.e., total volume) along with any subsequent treatment and/or disposal, which requires information on the concentration of contained contaminants. Although the analysis of sedimentary cores can provide fairly reliable baseline data to assist dredging efforts, collection of a number of cores sufficient to generate reliable baseline data may be cost-prohibitive. To provide cost-effective baseline data useful for determining the future dredging costs associated with remediation efforts in Frame Lake, an innovative, cost-effective, multidisciplinary approach was designed, where data derived from sub-bottom profiling, freeze and Glew cores, as well as geospatial interpolation, were together utilized to (1) assess the geochemical condition and spatiotemporal distribution of As-contaminated sediments within Frame Lake; and (2) estimate the thickness and volume of Ascontaminated sediments throughout the lake.
Improving the geoscience tools available to assess the nature and environmental impact of contaminated sediments in lakes is of considerable use to researchers and resource managers so that they can better and more cost effectively direct resources toward remediation efforts,
Regional setting
Frame Lake (62.454°N, − 114.390°E) is a subarctic lake within the Yellowknife Supergroup of the southern Slave structural province of the Canadian Shield (see [2, 18] ) in the central Northwest Territories, Canada (Fig. 1) . Bedrock geology is mainly comprised of Archean meta-volcanic and meta-sedimentary rocks that are intruded by younger granitoids (see [19] [20] [21] ).
Surficial sediments in the study area are primarily comprised of a thin (< 2 m thick) discontinuous veneer of till and Glacial Lake McConnell sediments [22] . The till is comprised of a stony and loosely compacted matrixsupported diamicton [22] . Sediments derived from glacial Lake McConnell (11,800-8300 yBP), the remnants of which forms modern Great Slave Lake, Great Bear Lake, and Athabasca Lake basins, were laid down during deglaciation and are comprised of poorly to moderately sorted coarse to fine sand, silt, and clay that can be up to 20 m thick in some topographic lows [22] [23] [24] . Holocene peatlands are also common in the study region and can be ≥ 1 m thick in bogs and other low-lying wetlands [22] .
The Yellowknife area has a continental subarctic climate with relatively cool, dry summers and even dryer, cold winters, a mean annual temperature of − 4.3 °C and mean annual precipitation of only 288.6 mm [25] . July is characterized by mean daily temperature and precipitation of 17.0 °C and 40.8 mm respectively, while mean [25, 26] ). Prevailing winds are from the east most of the year, with the exception of the summer months, June, July, and August, when they tend to be out of the south [25] .
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The overall morphology of lakes and rivers in the Yellowknife region are heavily influenced by the local topography and resistance to erosion of local bedrock, which was sculpted primarily by glacial scouring rather than by fluvial erosion [22] . Frame Lake has a surface area of 88.4 ha and is physiographically similar to many other lakes in the area. The lake has a maximum depth of 6.5 m, with ~ 54% of the surrounding 3.48 km 2 catchment area being influenced in varying degrees by built infrastructure [12, 15] . The area immediately around the lake is characterized by low relief terrain that is comprised mostly of bare rock outcrops with topographic lows infilled with glacial and glaciolacustrine sediments [22] . The lake's catchment in places supports vegetation, including conifers, paper birch and shrubs, as well as peat bogs, fens and marshes [22] . The oldest lake sediments are Lake McConnell deposits laid down immediately following post-glacial retreat of the Laurentide Ice Sheet, which transitioned to Ancestral Great Slave Lake sediments as the larger lake fractured into smaller water bodies. Frame Lake existed as an embayment of Ancestral Great Slave Lake until ~ 7000 years BP when it slowly became isolated [27, 28] . Due to the low topographic relief, rocky terrain, and small amounts of precipitation in the area, sedimentation essentially ceased in the Frame Lake basin following early Holocene isolation, until ~ 1962 when anthropogenic influences within the lake catchment resulted in a renewed, rapid sedimentary infill of the lake basin [13] . The present-day inflow of water to Frame Lake is mostly derived from sheet wash or from small ephemeral channels during rainfall events and snowmelt [13, 15] . The sluice gate in a causeway on the lake's eastern shore controls most of the water outflow from the lake, though it remains closed most of the year [13] .
Lacustrine sedimentary As levels in the Yellowknife area
Mean background concentrations of As in the sediments of Canadian lakes fall within the range of 2.5-10.7 µg g −1 [29, 30] , but natural background levels in the Yellowknife area are far higher (150 µg g −1 ; [31] ), mainly due to local bedrock geochemistry. Arsenic contamination in the immediate area around the Giant Mine has been as high as 20,400 µg L −1 in surface waters downstream from a tailing pond in Baker's Creek [32] . Palmer et al. [9] found concentrations up to 646 µg L −1 in a study of 98 lakes, sampled in 2012 and 2014. Sediment samples in the region collected by Mudroch [3] had peak As concentrations of 890 and 2800 µg g −1 in Yellowknife Bay and Back Bay respectively, while a study by Mace [33] found peak As concentrations in surface sediment samples of up to 3821 µg g −1 in a tributary of Yellowknife Bay. Recent multi-lake studies in the Yellowknife region, which included Frame Lake, found maximum As concentrations in surface sediments from 155 µg g −1 to over 10,000 µg g −1 (i.e., exceeding instrumental detection limit; [8, 34, 35] ). High levels of various contaminants have previously been measured in Frame Lake (e.g., As, Copper, Antimony, Uranium, Lead) with As levels ranging up to 1840 µg g −1 [13, 14] .
Materials and methods
Research design and field work
Core samples, water property data, side-scan sonar and sub-bottom profile data were collected from Frame Lake during two summer field seasons in 2012 and 2014. Three freeze cores were obtained from Frame Lake's southern basin in August 2012 and six Glew cores [35] were collected from throughout the lake in 2014 (Fig. 1 ). The Glew cores were logged and photographed on site to visually assess stratigraphic changes across the lake and provide ground-truth data for subsequent interpretation of the sub-bottom profile results. The freeze cores were obtained from the southern basin and included: (1) Freeze cores were more labor-intensive to collect than the Glew cores, but they preserved fine sedimentary structures at the soupy sediment-water interface, and were subsampled with a freeze core microtome at high resolution [36] . The freeze cores were cleaned, logged and photographed before being shipped frozen to Carleton University, where they were stored in a walk-in freezer at a temperature of − 20 °C for subsequent analysis. Details of the lake bottom and subsurface were obtained along 4 transects run across the lake during September of 2014 ( Fig. 1 ) using a Lowrance HDS-8 sonar with StructureScan™ (model LSS-1). Sub-bottom profiling data was collected at a high wavelength frequency of 800 kHz, which was most suitable for discriminating details of the sediment-water interface and shallow subsurface reflectors in the relatively thin and soupy Frame Lake substrate [37] . Data files were saved in the .SL2 file format and were imported and subsequently processed using the Sonar-TRX software (v. 15.1.5601.14680), where the data could be visualized as a single crosscut through the sediment along the transect with a width equal to 0.
Laboratory work
Geochemical analysis and radiocarbon dating
The top 60 cm of freeze core 2012-1FR was sub-sampled into 1-mm segments using a custom-made sledge microtome [36] . Sub-samples were subsequently recombined, when necessary, to meet minimum sample weight requirements for the Inductively Coupled Plasma Mass Spectrometry analysis (ICP-MS; minimum of 250 mg dry weight) performed by ACME labs (Bureau Veritas Commodities Canada Ltd.) using the Aqua Regia digestion technique (AQ200 protocol; Online Resource 1). Core 2012-2FRF2 was sub-sampled into 0.5 cm segments from the top of the core down to 15 cm as well as a sub-sample from 19.5 to 20.5 cm. Cores 2012-2FRF1 and 2012-1FR were also sub-sampled at various depths to confirm radiocarbon findings. Samples from core 2012-2FRF2 were submitted to the A. E. Lalonde AMS Laboratory, University of Ottawa, while those from 2012-2FRF1 and 2012-1FR were submitted to the 14 Chrono Centre, Queen's University, Belfast for radiocarbon analysis (Table 1) .
Sub-bottom profile analysis
To assess the amount and temporal distribution of contaminated sediments, a preliminary analysis of the freeze core ICP-MS and sonar data was conducted to (1) assess the down-core variability of As concentrations; (2) identify stratigraphic units (i.e., layers) corresponding to certain As levels; and (3) determine whether identified stratigraphic units could be observed from the sonar data. The identified units were then measured (to the closest 0.5 cm) along the sonar transects, using the Spectrum and/or Graytones colour scheme in the SonarTRX software, depending on the contrast of the sonar image at a given location. The layer thickness and GPS coordinates at 209 locations along four transects (2 ± 1 cm, total length of 3378 m) were recorded and were subsequently imported into ArcMap™ (v. 10.4.1; ArcGIS ® software by ESRI, Inc.) as a shapefile. A lake contour shapefile along with several data points near the shoreline were created, the latter of which was to simulate the tapering off of the fine-grained, highly contaminated particulates measured by the ICP-MS data in the freeze core near the shore.
Interpolation, thickness and volume estimation of the contaminated horizon
An Inverse Distance Weighted (IDW) interpolation was performed to estimate the thickness of the identified sediment layers (Fig. 5 ) using the GeoStatistical Analyst package in ArcMap. Given the density and distribution of the data, IDW was chosen for the task as it generated the best results compared to other tested interpolative techniques (e.g., kriging and spline). The identified layers were then combined to give the total thickness of highly contaminated sediment (As > 150 µg g −1 ) throughout Frame Lake, and the total volume of the contaminated sediment was calculated using the Surface Volume tool in ArcMap. The error of the total volume was calculated as 3.8%, based on the measurement error and the mean sediment thickness.
Results
Radiocarbon dating and other chronostratigraphic markers
Thirty samples from the top 15-cm of sediment from core 2012-2FRF2 yielded dateable material. High-resolution radiocarbon 14 C analysis of these samples yielded calibrated ages between 349 and 1233 yBP with multiple age reversals throughout the interval ( Table 1 ). The sample between 2.5 and 3.0 cm did not return a date due to a lack of adequate dateable material. Although the general depositional history of the lake is known, these 14 C radiocarbon dates provide supporting evidence that these jumbled sediments were most likely of an allochthonous origin (e.g., old carbon-bearing sediments washed into the lake from the lake catchment; as rumored in the community, illegally dumped from elsewhere [see Sect. 5]). Additional dates acquired from cores 2012-2FRF1 and 2012-1FR showed similar age reversals in the top 15-cm and midHolocene ages between 6749 and 8386 yBP from samples found at depths > 20-cm (Table 1) .
Freeze-and Glew-core stratigraphy
Stratigraphic analysis of freeze core 2012-1FR revealed three distinct stratigraphic units. The top unit (U1) comprises the uppermost 17 cm of the core and is characterized by very fine-grained, organic-rich, dark green to black sediments (Fig. 2) . U1 was punctuated by three thin, conspicuous, light grey ash layers (~ 2-3 mm each) deposited between 13 and 15 cm and had a sharp stratigraphic Fig. 2 ). This hiatus is likely attributed to a cessation in sedimentation to Frame Lake following its gradual isolation from the nearby Yellowknife Bay [28] . Based on sedimentological analysis of this same core, coupled with an assessment of available air photo imagery for Frame Lake spanning from the present to the 1930s, it has been estimated that initiation of modern era sedimentation in the lake began in ~ 1962 [13] . The second unit (U2) extends from the sharp stratigraphic boundary at 17 cm down to 44 cm and consists of dark olive green to brown coloured, mostly fine-grained sediments with some fraction of organic matter. The lower part of U2 (39-44 cm) was a depositional transition period marking the change from fine-grained sediments with an organic fraction to fine-grained glacial clays of the early Holocene (Fig. 2) . Unit 3 (U3) extends from 44 cm to the base of the core at 86 cm and is characterized by finegrained light beige to nearly white glacial clay (Fig. 2) .
Glew cores collected throughout Frame Lake were similar in length (45-51 cm; n = 6), with the exception of GC-02, which was only 17 cm long (Figs. 1, 3 ; Online Resource 2; Table 2 ). The majority of the Glew cores were characterized by the same three stratigraphic units identified in the freeze core, with the exception of GC-02, which only contained U1 and U2 (Fig. 3) . All Glew cores contained the dark organic-rich colloidal (Gyttja) of uppermost U1 [thickest in core GC-03 (15 cm) and thinnest in GC-04 and GC-06 (6 cm; Fig. 3) ], which transitioned to the olive green/brown coloured organic mud of U2.
Geochemistry
The ICP-MS analysis of sediments from freeze core 2012-1FR was characterized by As concentrations of just 8.2 µg g −1 at 60 cm depth, which gradually increased up core, reaching levels above 150 µg g −1 by 25 cm depth (Fig. 2) . Peaks of As contamination (AP-1 and AP-2) were found at 15 cm (688 µg g −1 ; AP-2) and 9.5 cm (1538 µg g −1 ; AP-1). There was a gradual decrease of As concentration through the uppermost sections of the core with As levels declining to 179 µg g −1 in the near-surface sediments at 3.5 cm. There are other elements related to anthropogenic and mining activity with elevated concentrations within the lake basin, such as copper (Cu), antimony (Sb), lead (Pb), zinc (Zn), and chromium (Cr). These elements, along with As, are detailed in Table 3 and are compared to the measured maximum, recent average and background average concentrations found in the core, to the CCME [38] Sediment Quality Guidelines for the Protection of Aquatic Life in freshwater, which set very specific targets for these elements, including Interim Sediment Quality Guidelines (ISQG) and Probable Effect Levels (PEL). However, these other elements of concern will not be discussed further in this paper, though the full geochemical analysis of the top 60 cm of this core is available in Online Resource 1.
Analysis performed by A. E. Lalonde AMS Laboratories (lab ID prefix UOC) and 14 Chrono Centre (lab ID prefix UBA). Calibration was performed using OxCal 4.3 [43] and the IntCal 13 calibration curve [44] 
Sub-bottom profile reflector analysis
From the results of the sub-bottom profile analysis, the upper sedimentary units (U1 and U2) could be further subdivided into five layers (L1-L5) determined by the changes in sedimentary acoustic impedance, which are controlled by variation in sediment density contrast. Acoustic layers L1-L4 were contained within U1, while (Table 4) . These five acoustic layers closely correlated with distinct levels of As contamination. Acoustic L1 extended from the sediment-water interface (SWI) down to the start of the first major change in acoustic impedance, with a thickness of ~ 5 cm (± 2.9 SD) and an estimated volume of ~ 44,000 m 3 . Acoustic L2 was delineated by the transition zone immediately below L1 from low impedance to high impedance. This interval was ~ 9.57 cm (± 4.8 SD) thick throughout the lake and comprised ~ 85,000 m 3 of sediment. Acoustic L3 spanned the maximum acoustic impedance recorded in Frame Lake. This unit averaged only ~ 1.6 cm (± 0.8 SD) thickness with a volume of ~ 14,000 m 3 but contained the greatest concentration of highly contaminated As-bearing sediments (AP-1). Acoustic Unit L4 extended downward from the https://doi.org/10.1007/s42452-019-0588-z peak of the maximum acoustic impedance recorded in L3 to the base of a lower impedance peak. The L4 interval had a mean thickness of ~ 4.64 cm (± 2.4 SD) with a sediment volume of ~ 41,000 m 3 and included the second isolated As peak AP-2, which formed a strong reflector throughout the entire Frame Lake basin and was characterized by high As levels (up to 688 µg g −1 ). Acoustic L5 is defined as the transition from the base of AP-2 downward to the stratigraphic region of low to very low impedance (Fig. 4) . The L5 unit had a mean thickness 
Both L1 and L5 were characterized by sediments with As concentrations between 150 and 500 µg g −1 , which included sediments of the top 6.5 cm (L1; U1) and those between 15.5 and 25 cm (U1 and U2; L5) at the freeze core site. The As concentrations in L2 and L4 varied from 500 to 1000 µg g −1 and at the freeze core consisted of sediments found between 6.5 to 7 cm (L2; U1) and 10.5 to 15.5 cm (L4; U1). L3 was associated with As concentrations > 1,000 µg g −1 (up to 1538 µg g −1 ) and includes sediments between 7 and 10.5 cm at the freeze core site (U1).
Interpolation, thickness and volume estimation of the contaminated horizon
Results of the IDW interpolation of L1-L5 across the Frame Lake basin revealed distinct landscape and stratigraphic spatial patterns with a total mean thickness of 26 cm (± 10.9 SD; Fig. 5 ). Acoustic L1 tended to be thicker away from the shore with the thickest interval recorded being within Frame Lake's southern basin (Max = 10.6 cm) and, to a lesser extent, in parts of the northern basin (max = 10 cm; Fig. 5-L1 ). Acoustic L2 had a similar distribution to that of L1, though its maximum thickness of 6.2 cm was more discretely distributed between the two basins ( Fig. 5-L2 ). Acoustic L3, characterized by the highest As concentrations in the lake, was relatively evenly distributed throughout the lake with the exception of the lake's northern and western shores where a maximum thickness of 5 cm for this unit was found (Fig. 5-L3 ). Acoustic L4 was thickest along the western part of the northern basin of the lake, with a maximum thickness of 20 cm (Fig. 5-L4 ). Acoustic L5 had a similar distribution to that of L4, though with a more even distribution along the northern margin of the lake (maximum thickness = 25 cm). Acoustic L3, L4, and L5 contained the bulk of the contaminated sediments and formed a package up to 50 cm thick along the northern and western shores of Frame Lake (Fig. 4a) . Collectively, the combined thickness of all layers (L1-L5) in this region reached 57 cm, the thickest accumulation of contaminated sediment in the lake. Based on the results of the IDW analysis the total volume of As-contaminated sediment (> 150 µg g −1 ) found in L1-L5 was calculated as being 229,542 m 3 (Table 4 ). Since the total thickness of contaminated sediment was measured at every location, and this overall thickness itself would be subject to the calculated 3.8% error in measurement, it is reasonable to assume that the total volume of contaminated sediment would have an error based on the total package thickness, and not an accumulation of the measurement error for all packages. Following this approach the conservative estimate for the volume of As-contaminated sediment in Frame Lake is ~ 230,000 ± 8700 m 3 (Table 4 ).
Discussion
Frame Lake's health and its ability to sustain aquatic life has been in question since at least the early 1970s and provides a precautionary example of what can happen if too little is done to protect our natural resources. Conventional stratigraphic assessment of the freeze core resulted in the identification of three distinct stratigraphic units (U1-U3), with U1 sediments being deposited after ~ AD1962 and separated from the early Holocene deposits of U2 and U3 by an unconformity. The same general stratigraphic succession was observed in the Glew cores recovered from the lake (Fig. 3) . Variation in the observed unit thickness from core to core was expected as the nature and characteristics of bottom sediments within Frame Lake has been shown to vary, depending on location and basin morphology [15] .
Frame lake contamination history
The results of ICP-MS geochemical analysis of freeze core 2012-2FRF1 revealed a gradual, yet small, increase in As concentrations between U3 and U2 overlain by drastically elevated As levels in the highly contaminated U1 horizon (~ 170-1540 µg g −1
). The elevated As concentrations are in part attributable to the historic operations of major gold mines in the Yellowknife area (e.g. Con Mine and Giant Mine; [13, 14] ).
The elevated As concentrations within U1 (179-1538 µg g −1 ) are represented by two peaks: a lower peak at ~ 15 cm (AP-2; 688 µg g −1 ) and a major peak at ~ 10 cm (AP-1; 1538 µg g −1 ; Fig. 2 ). The chronologic positioning of the peaks in U1 suggests that the As contamination occurred long after Giant Mine modified its on-site ore roasting processing method in response to more stringent environmental controls on As emissions (~ 1980s; [6, 7] ). Based on a detailed bioindicator/geochemical analysis of this freeze core [13] , it is most likely that these chronologically anomalous peaks are the result of post-depositional remobilization of As in response to changes in several environmental factors (e.g., redox conditions, pH, and organic matter). This assessment is supported by the results of recent geochemical studies that confirm the occurrence of vertical mobilization of As through sedimentary profiles of several lakes in the Yellowknife area (e.g., [39] [40] [41] ).
In addition to having elevated As levels, U1 sediments are organic-rich [13] . The deterioration of lake water quality has not only been the result of input of As from air fall and contaminated sediments. Since the 1980s eutrophication has been a primary driver of Frame Lake hydroecology [13] . In an analysis of both the sediments and stratigraphic temporal distribution of shelled protist (Arcellinida [testate lobose amoebae]) bioindicators, Gavel et al. [13] found that the ecology of these organisms transitioned during the 1980s from an ecological state where As was the primary control on species distribution, to a system where nutrient loading was the most important contributor to assemblage composition.
Total thickness and volume of Arsenic contaminated sediments
Analysis and interpretation of the ICP-MS and sub-bottom profile data permitted a determination of the lateral extent and thickness of As-contaminated sediments throughout the Frame Lake basin. Sediments with As concentrations of > 150 µg g −1 could be subdivided into five distinct layers (L1-L5), which could be acoustically recognized throughout Frame Lake (Fig. 4) .
The results of the IDW interpolation of the distribution of the L1-L5 reflectors throughout the lake basin provided insight into the spatial extent of As contamination of the Frame Lake sediments, as well as valuable data for determination of the volume of highly contaminated As sediment, which might possibly have to be dredged or otherwise treated as part of a future lake rehabilitation program. The results revealed a trend of increasing thickness of the contaminated substrate away from the lake shoreline, with L1 and L2 being thickest closer to the southern basin, and L3-L5 exhibiting maximum thickness closer to the northern and, to a lesser extent, western shorelines (Fig. 5) . The increased thickness of L3-L5 in these areas of the lake may be related to unconfirmed physical dumping of contaminated sediments in close proximity to these areas. The allochthonous source of these sediments was confirmed by the mixed radiocarbon dates from these sediments, which suggests that 'old carbon' derived from elsewhere was introduced to the lake and mixed with natural lake-bed sediments. There are multiple possible sources of this sediment such as introduction to the lake from the adjacent catchment during urban development around the lake. However, the catchment is largely composed of exposed bedrock so it is unlikely that there would have been sufficient volume of sediment from this source. Another possible origin is residue from the snow dumps that were positioned on the lake during the 1960s and 1970s, which over several years might introduce a considerable amount of sediment to the lake bed (former Yellowknife mayor, D Lovell, pers. comm. 2015). As plows removed snow from Yellowknife area streets and highways sediment would become entrained from many sources, which provides a plausible explanation for the jumbled radiocarbon dates obtained from these sediments. There are also rumors that waste material from a nearby "1000-man camp" were surreptitiously dumped in the lake, as well as the accidental dumping of a significant quantity of contaminated drilling mud that was being used to shore up a foundation of a building adjacent to the lake (V. Sterenberg; former Yellowknife mayor, G. Van Tighem, pers. comm. 2015).
Regardless of the source of the contaminated sediment, the results of IDW subsurface volume analysis indicate that at least 180,000 m 3 of sediment, much of it contaminated by high As levels, have been introduced to Frame Lake since sedimentation was reinitiated in ~ 1962. These sediments directly overlay sediments deposited during the early Holocene. Unfortunately, due to changing hydrological redox conditions in the lake, As in the sediments migrated throughout the lake substrate. As a result some of the underlying mid-Holocene sediments of L5 have also become contaminated, meaning that to return Frame Lake to a locally acceptable background As level of < 150 µg g −1 a total of ~ 230,000 ± 8700 m 3 of contaminated sediments (> 150 µg g −1 As) would be required to be dredged from Frame Lake as part of such a rehabilitation program. A dredging program would necessarily be focused on the thickest contaminated sedimentary deposits (i.e., L3-5), as removal of these sediments would contribute most significantly toward reducing the total volume of As contamination in the lake. Although there is some analytical uncertainty associated with the technique, these data will be of considerable value to researchers and resource managers as they determine the most appropriate strategies to revitalize Frame Lake as an important recreational area for the City of Yellowknife, while the techniques used in this paper and relatively low cost of these research methods may be directly applied to other remediation projects.
Conclusions
Analysis of the Frame Lake sedimentary record documents the geomorphological changes that have influenced lake history, which have been driven by deglaciation, isostatic rebound, and early Holocene warming. The considerable volume of modern deposits laid down after ~ 1962 (~ 180,000 m 3 ) was contributed to by the many, primarily negative, factors that have resulted in the observed hydroecological changes undergone in Frame Lake through the past 60 years. These direct and indirect human impacts include: (1) the introduction of a considerable volume of allochthonous sediment to the lake basin in the years after ~ 1962; (2) addition of high levels of As contamination (up to ~ 180 µg g −1 in surface sediments and 1840 µg g −1 down core), which was either derived from air fall from local mining operations, or associated with sediments introduced to the lake basin; and (3) nutrient loading associated with changes to both water inflow and outflow to the lake, notably influenced by urbanization over much of the lake catchment and the construction of a major causeway with sluice gate to control at the outlet.
The results of this research indicate that varying levels of As contamination can be correlated with five distinct acoustic markers (L1-L5) recognized during sub-bottom profiling, which in turn can be directly ground-truthed to three stratigraphic units (U1-U3). These acoustic units are characterized by distinct As concentrations (L1 = 180-500 µg g −1 , 44,000 m 3 ; L2 = 500-1000 µg g −1 , 85,000 m 3 ; L3 = 1000-1532 µg g −1 , 14,000 m 3 ; L4 = 500-1000 µg g −1 , 41,000 m 3 ; L5 = 150-500 µg g −1 , 45,000 m 3 ), which can be traced throughout the entire Frame Lake basin. Analysis of the stratigraphic record from Frame Lake indicates that the background sedimentary As levels are in the 18-25 µg g −1 range [13, 15] , although the generally accepted background level in the Yellowknife area is 150 µg g −1 [42] . Based on IDW analysis of the distribution of L1-L5, an estimated volume of ~ 230,000 m 3 of sediment would have to be dredged from Frame Lake to achieve a minimum concentration of 150 µg g −1 in lake sediments. Although this technique was used to calculate absolute sediment volumes, caution must be used to account for a minimum amount of error when reporting findings.
The road to recovery for Frame Lake will not be an easy one due to the complicated nature of the combined As contamination/eutrophication problems and Frame Lake's inherently fragile hydroecology. However, with educational outreach, the involvement and engagement of the Yellowknife community, and with increasing adoption of environmental stewardship, great strides can be made towards rehabilitating Frame Lake to the healthy ecosystem and recreational resource that it once was.
